Mouse heart development arises from Mesp1-expressing cardiovascular progenitors (CPs) that are specified during gastrulation. The molecular processes that control early regional and lineage segregation of CPs have been unclear. We performed single-cell RNA sequencing of wild-type and Mesp1-null CPs in mice. We showed that populations of Mesp1 CPs are molecularly distinct and span the continuum between epiblast and later mesodermal cells, including hematopoietic progenitors. Single-cell transcriptome analysis of Mesp1-deficient CPs showed that Mesp1 is required for the exit from the pluripotent state and the induction of the cardiovascular gene expression program. We identified distinct populations of Mesp1 CPs that correspond to progenitors committed to different cell lineages and regions of the heart, identifying the molecular features associated with early lineage restriction and regional segregation of the heart at the early stage of mouse gastrulation.
T he mammalian heart is composed of different regions (ventricles, atria, and great vessels) and cell types, including cardiomyocytes (CMs), endocardial cells (ECs), smooth muscle cells (SMCs), and epicardial cells (EPs) (1) . Heart development begins at gastrulation, during which CPs leave the primitive streak (PS) and migrate toward the anterolateral pole of the embryo (2) . From embryonic day 6.25 (E6.25) to E7.25, Mesp1 marks the early CPs within the PS, whereas a day later, Mesp1 is expressed in the somites (2, 3) . Mesp1
+ cells give rise to all heart cells, ECs of the aorta and brain, some muscles of the head and neck, as well as to few somitic derivatives and liver cells from its later expression (2, (4) (5) (6) . Temporally inducible Mesp1 lineage tracing shows that at E6.5, Mesp1 + cells mark left ventricle (LV) progenitors, whereas the right ventricle, atria, outflow, and inflow tracts and head muscles arise from Mesp1 + cells at E7. 25 , which correspond respectively to the first and second heart fields (FHF and SHF, respectively). No somitic or liver derivatives were labeled at these early time points (4, 5, 7) . In addition, most of the Mesp1 CPs differentiate into either CMs or ECs, suggesting that lineage segregation occurs early during gastrulation (4, 5) . It remains unknown whether molecular heterogeneity between E6.5 and E7.25 Mesp1 + CPs reflects stochasticity in gene expression, transcriptional priming, or early lineage and regional segregation.
To investigate the molecular and cellular basis of the earliest stages of CP specification and diversification, we performed single-cell RNA sequencing (scRNA-seq) of Mesp1 CPs at E6.75 and E7.25. To this end, Mesp1-rtTA/tetO-H2B-GFP (green fluorescent protein) mice were treated with doxycycline at different time points after fertilization in order to label only early Mesp1-expressing cells and no somitic derivatives (Fig. 1A) , embryos were dissociated into single cells, and H2B-GFP-positive CPs were isolated by means of fluorescence-activated cell sorting (FACS) ( fig. S1 ). A total of 172 and 341 Mesp1 CPs at E6.75 and E7.25, respectively, were sequenced and analyzed further after passing through a stringent quality control pipeline (supplementary materials, materials and methods). We recently reported single-cell transcriptomes for E6.5 epiblast cells, as well as E7.25/7.5 Flk1-expressing progenitors (8) . Visualization by use of dimensionality reduction techniques allowed us to order the cells along developmental progression and assign a time stamp to each cell, demonstrating that the Mesp1 + CPs at E6.75 and E7.25 likely represent a continuum of differentiation (Fig. 1 , B and C, and fig. S2 ) (8) .
To determine the role of Mesp1 in regulating the cardiovascular differentiation program and the heterogeneity of early CPs, we performed scRNA-seq of FACS-isolated Mesp1-expressing cells in Mesp1 knockout (KO) context ( fig. S3 ) (2) . We sequenced transcriptomes of 85 single Mesp1-null cells isolated at E6.75, before the appearance of the developmental defect associated with Mesp1 deficiency (Fig. 2A) . Pseudotime analysis revealed that Mesp1 KO cells presented a developmental block, being stuck in the gene expression program of epiblast cells (Fig. 2B) (14), of WT Mesp1-expressing cells at E6.75 and E7.25 identified five distinct destination cell types (DCTs) protruding from a core of intermingled cells (Fig. 3, A and B) . All cells present within the DCTs came from E7.25 embryos, which is consistent with cell fate diversification of Mesp1-derived lineages during the late stages of gastrulation. To further define the nature of the five DCTs, we identified genes with specifically elevated expression in each of the five groups (Fig. 3,   B and C; fig. S7; and table S2 ). This analysis identified both known and previously unrecognized genes associated with cardiovascular development. DCT1 was enriched among others in Sox7, Etv2, and Tal1 transcripts, which are markers of the endothelial or endocardial lineage (15, 16) . DCT2 was marked by the expression of Hand1, Bmp4, Tnnc1, Tbx3, Hand2, Tbx20, Gata4, Myl4, and Mef2c, which are well-known CM markers (Fig. 3C, fig. S7 , and table S2) (7, 17) . Bmp4 promotes CM differentiation (18) . Moreover, Hand1 lineage tracing showed that Hand1-expressing cells contribute to the LV and to the myocardial and epicardial lineages, with no contribution to the endocardium (17) . These data suggest that DCT2 corresponds to CPs committed to the CM lineage. In situ hybridization of Sox7 (EC Lescroart marker) and Bmp4 (CM marker) on Mesp1-rtTA/tetO-H2B-GFP embryos showed that these two markers did not colocalize in Mesp1-H2B-GFP-expressing cells at E7.25, which is consistent with the notion that DCT1 and DCT2 mark two distinct Mesp1 populations committed to EC and CM differentiation (Fig. 3D) . Unsupervised hierarchical clustering of DCT1 and DCT2 markers with CM and EC markers identified by means of scRNA-seq of more mature mouse hearts at E10.5 (19) further showed that DCT1 and DCT2 cells clustered respectively with EC and CM lineage (Fig. 3E) .
DCT3 and DCT4 are enriched in genes expressed and regulating SHF development (Tbx1, Foxc2, Hoxb1, and Hoxa1) (Fig. 3C, fig. S7 , and table S2) (20) (21) (22) . Lineage tracing experiments have previously shown that Tbx1 (DCT3) marks anterior SHF progenitors, whereas Hoxb1 and Hoxa1 (DCT4) mark posterior SHF (20, 22) , suggesting that DCT3 and DCT4 correspond to Mesp1
CPs committed to the anterior and posterior SHFs. RNA-fluorescence in situ hybridization (FISH) experiments further showed that Foxc2 (DCT3) and Wnt2b (DCT4) were largely nonoverlapping, with Wnt2b localized closer to the PS, whereas Foxc2-expressing cells were found more anterolaterally at E7.25 (Fig. 3, F and G) . A subset of SHF progenitors, called cranio-pharyngeal progenitors, express Tcf21 and contribute to the formation of some head muscles (23) . RNA-FISH showed that Tcf21 is preferentially expressed in a subset of DCT3 Mesp1 H2B-GFP expressing Foxc2, whereas little overlap was observed between DCT4 progenitors expressing Wnt2b and Tcf 21 ( fig. S8) . Consistent with the notion that DCT3 marks cranio-pharyngeal progenitors, the "pharyngeal" cluster found in our previous Flk1 + scRNA-seq (8) are closest to DCT3 (fig. S7 ). DCT5 expressed endoderm markers such as Sox17 and Foxa2 and may have no relation with cardiac development ( fig. S7 and table S2 ).
On the basis of the cumulative evidence that suggested our scRNA-seq captures the developmental progression from epiblast to early cardiovascular lineage segregation, we next investigated the expression of genes with known biological function, which revealed specific expression of cardiovascular, mesodermal, and other genes regulating signaling pathways across the various DCT populations (fig. S9) . Analysis of genes dynamically expressed during the trajectory toward DCT1 and DCT2 revealed the existence of gene clusters peaking in expression at sequential points along the pseudotemporal ordering. These gene clusters showed enrichment for gene ontology categories associated with developmental progression in which the predicted trajectory provided consistency between the pseudotime and the real developmental time ( fig. S10 and table  S3 ). Moreover, cells coexpressing genes enriched in both DCT3 and DCT4 presented early pseudotime values than either DCT3 or DCT4 cells, Lescroart which is consistent with the presence of immature progenitors that undergo multilineage priming before making cell fate decision into either DCT3 or DCT4 lineages ( fig. S11 ).
To more clearly differentiate between the putative differentiation paths to the DCT1/EC and DCT2/CM progenitors, we determined the genes involved in embryonic development that are specifically up-or down-regulated in a given DCT ( fig. S12 ). Of particular interest, DCT2 cells showed reduced Notch1 expression (Fig. 4A) . Different studies have shown the importance of Notch1 in the latter stages of cardiovascular development, in regulating endocardium, valve formation, trabeculation, and myocardium compaction (24) . However, a role for Notch in the early steps of cardiovascular lineage commitment during gastrulation has not been previously described. RNA-FISH and immunostaining showed that Notch1 was indeed expressed and active in a subset of Mesp1-H2B-GFP + cells (Fig. 4B and fig. S13 ). To determine whether Notch1 expression in DCT1 cluster marks Mesp1 + CPs committed to the EC fate, we induced lineage tracing by administrating tamoxifen to Notch1-CreERT2/Rosa-tdTomato mice at E6.5 (25) and assessed the fate of marked cells at E12.5 (Fig. 4, C to G) . td Tomato + cells in the ventricles were almost exclusively found in the EC (83.9 ± 3.0%), with minor contribution to the CM (6.0 ± 1.4%) and to the EPs (10.2 ± 2.1%) (Fig. 4H) , which is consistent with the notion that DCT1 marks early Mesp1/Notch1 double-positive CPs committed to the EC fate. In the atria, Notch1-CreERT2 marked preferentially the ECs (76.9% ± 2.9), although a smaller contribution to the CM lineage was also observed (16.6% ± 2.7) (Fig. 4I) , which is consistent with a lower expression of Notch1 in DCT2 cluster. In addition to marking ECs of the heart, Notch1-CreERT2, similar to Mesp1-Cre, also marked, at the early stage of gastrulation, ECs of the aorta, intersomitic, and brain vessels ( fig. S14) .
Altogether, our single-cell profiling of early CPs shows that Mesp1 CPs segregate rapidly from the epiblast into distinct cardiovascular lineages. The analysis of Mesp1 KO cells showed that Mesp1 is required to exit the pluripotent state of the epiblast and promotes EMT, migration, and cardiovascular specification in vivo. Consistent with the early regional and lineage segregation found with clonal analysis (4, 5), our scRNA-seq demonstrates that Mesp1 CPs are also molecularly heterogeneous, as previously suggested by scRNA-seq during in vitro ESC differentiation (26) , and identifies temporally and spatially distinct Mesp1 subpopulations that likely correspond to CPs committed to the different cardiovascular lineages and regions of the heart at the early stages of gastrulation ( fig. S15) . Future studies will be required to determine whether the early cardiovascular lineage segregation uncovered here is also occurring for the other mesodermal and endodermal cells and whether defects in the early commitment steps are associated with congenital diseases and heart malformations. Last, our results will be important to design new strategies to direct the differentiation of ESC into a specific cardiovascular lineage. 
